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Comment
Salt selection or salt screening is a common technique used in the pharmacuetical industry to improve the physicochemical properties of potential Active Pharmaceutical Ingredients (APIs, Stahl & Wermuth 2008) . Studies on systematic series of crystal structures of phenylethylamine salts have been instigated with a view to determining relationships between crystal structure and the physicochemical properties of APIs (see for example Kennedy et al., 2011; Black et al., 2007; Briggs et al., 2012; Cruickshank et al., 2013) . The ultimate goal of such studies is to understand and improve the pharmaceutical salt selection process. A member of the phenylethylamine class of molecules, amphetamine is popularly known as a stimulant and as a drug of abuse (Kilminster et al., 1977) , but it also has legitimate pharmaceutical roles for instance in the treatment of attention defecit hyperactivity disorder and of narcolepsy (Wood et al., 2014) . Despite the high profile of amphetamine, there have been relatively few structural studies of its salt forms. The sulfate has been crystallographically characterised and has been shown to undergo a temperature dependent phase transition (Pogorzelec-Glaser et al., 2009) and additionally the crystal structures of a dihydrogen phosphate salt and a salt formed with a pyrazol derivative are known (Hebert, 1978; Reviriego et al., 2006) . The lack of any halide salt forms is surprising as the typical synthetic route for amphetamine initially produces the chloride salt. Additionally, the chloride salt is sometimes found in general circulaion, although the sulfate salt is that most commonly seized by law enforcement agencies (United Nations, 2006) . Structures are known for the chloride salts of structurally related drugs of abuse such as methylamphetamine (Hakey et al., 2008) and the more complex, ring substituted species methylenedioxymethamphetamine (MDMA or ecstacy) and ethylone (Morimoto et al., 1998 ; Cameron et al., 2015) .
Reaction of (S)-amphetamine free base with aqueous HCl or HBr gave (S)-amphetamine hydrochloride (I) and (S)-amphetamine hydrobromide (II), respectively. (I) is unusual in that it crystallises with six cations and six anions per unit cell in the space group P 1 (Z = Z′ = 6), Figure 1 . Structures with Z′ > 1 have drawn much attention for their ability to shed light on fundamental aspects of crystal theory (Steed & Steed, 2015; Bernstein et al., 2008) . As discussed in the review by Steed and Steed (2015) , (I) is in some ways a typical example of the type of species that gives Z′ > 1 structures, being as it is a relatively small and enantiopure organic compound that crystallises in space group P1. Note that the diffraction data for (I) were non-merohedrally twinned by a 180 ° rotation about 001. This could be worrying as the presence of unidentified twinning can lead to false identification of structures with Z′ > 1 (see for example Herbstein, 1964) .
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However, inspection of Figure 2 shows that a Z′ = 1 structure is not correct here. The cations in the layers parallel to the ac plane form two independent rows parallel to the c direction. In each row every third cation has a different orientation from the others, being rotated by approximately 180 ° along its phenyl to NH 3 axis.
The six independent cations of (I) also show distinct conformational variation. This is most easily seen with the C2C3C4C5 and C2C3C4C9 torsion angles (and their equivalents in other ions) which have ranges of -61.9 (5) to -69.3 (4) and 106.9 (4) to 115.4 (4) ° for five of the six cations, see Table 2 . The geometry of the sixth cation, that containing atom N5, lies significantly outside this range with equivalent angles of -52.7 (4) and 127.5 (3) °. The cations all have anti conformations with NCCC torsion angles that lie within 3.5 ° of 180 °. The previously described crystal structures of salt forms of amphetamine all have similar anti conformations (Herbert, 1978; Pogorzelec-Glaser et al., 2009; Reviriego et al., 2006) as does solution phase amphetamine (Neville et al., 1971) . The structure of the bromide salt (II) is shown in Figure 3 . Here the torsion angles C2C3C4C5 and C2C3C4C9 are -75.2 (2) and 104.5 (2) °. These values lie out-with the range seen for (I). The angle N1C2C3C4 is 158.84 (17) ° for (II) and this too shows a modest conformational change from the range found for the cations of (I). These small differences do not however amount to evidence of two or more dramatically distinct conformer geometries as has been previously described for salt forms of related phenylethylamine species such as methylephedrine, psuedo-ephedrine and tyramine (Kennedy et al., 2011; Black et al., 2007; Briggs et al., 2012) .
All six crystallographically independent NH 3 groups in structure (I) utilise all three H atoms as single hydrogen bond donors. Both the H 2 PO 4 salt and the room temperature phase of the SO 4 salt show similar hydrogen-bonding behaviour by the amphetamine cation (Pogorzelec-Glaser et al., 2009; Hebert, 1978) . Each NH 3 group in (I) thus bonds to three chloride anions, two of which are related to each other by translational symmetry with the third being independent, see Table   3 . Although each anion and each cation is involved in three hydrogen bonding interactions, there are subtle differences in geometry. These are best shown by comparing the environment of Cl1 with that of Cl5. The N-H···Cl angles of Cl5 are all near linear (169.4 to 171.3 °) whilst the three angles about Cl1 are 145.0, 158.9 and 167.9 °. There are further small differences, for instance Cl2 makes a much shorter contact with a phenyl ring than any other chloride anion (C19-H19···Cl2 2.72 and 3.562 (5) Å for H···Cl and C···Cl distances respectively). Cl5 has a similar but longer interaction whilst the other four anions do not make any such contact. The N-H···Cl hydrogen bonds link all six fragments parallel to the crystallographic a and c directions. Both cations and anions act as three-connected nodes and so each 2 dimensional hydrogen bonded sheet can be described as a net with (6,3) topology. The packing structure can be seen in Figure 2 , note the organic bilayers and the hydrophobic and hydrophilic layers that alternate parallel to the b axis.
Despite the larger size of bromide as compared to chloride, each bromide anion in (II) also makes three hydrogen bonds to three amphetamine cations, Table 4 . As the cations also act as three-connected nodes this structure, like that of (I), features a net with (6,3) topology. In this case the 2 dimensional hydrogen bonded sheets are parallel to the ab plane. In contrast to (I) there are no C-H···X contacts of less than the sum of van der Waals radii in (II). Figure 4 shows the resulting packing. Like (I) there are alternating hydrophobic and hydrophilic layers but the structure of (II) lacks the organic bilayers found in (I).
There are now structures available for five mineral acid derived salt forms of (S)-amphetamine, the chloride, bromide and dihydrogen phosphate forms together with the high and low temperature sulfate forms. All are layer structures with two dimensional hydrogen bonded hydrophilic layers alternating with organic, hydrophobic layers. A MERCURY packing analysis of the cation positions of the five structures suggests that on this basis only the two sulfate structures are related, having 18 matching cation positions from a cluster of 20 cations (RMS 0.791, Macrae et al., 2008) . The difference between the two sulfate structures is as follows. Like (I), both sulfate structures consist of organic bilayers. However, the low temperature sulfate structure has two structurally distinct organic bilayers constructed from four crystallographically research papers 3 publCIF independent amphetamine cations (see Figure 5 ) whereas in the high temperature form all cations and hence all the organic layers are identical. The MERCURY packing analysis is thus highlighting the close match between the high temperature form's cation packing and the cation packing in only one of the two organic bilayers of the low temperature form.
The packing in the second bilayer is different. Whilst (I) and the sulfate salt structures all feature organic bilayers, structure (II) and the H 2 PO 4 salt structure do not. It is interesting that of the three bilayer structures, two have Z′ > 1 and the third is disordered. Both the other structures have Z′ = 1 and are well ordered. Within these five structures, the formation of organic bilayers is correlated with an inability to form simple Z′ = 1 ordered structures.
Although in all five salt structures each hydrophilic layer is interconnected by hydrogen bonds between cations and anions (and for the H 2 PO 4 salt between anions and anions too), there are few strong or close contacts within the organic layers. There are some weak C-H···π contacts which seem to be influential in the transformation between the two sulfate phases (see Pogorzelec-Glaser et al., 2009 for a discussion). All structures form cation stacks within the organic layers but the constituent cations in each case are too far apart to form a bonded supramolecular motif. The exception is the bromide salt, (II). Here a close π···π contact does exist (shortest C···C distance 3.388 (3) Å for C6 to C9′, ′ = x+1, y, z) and this connects stacks of cations parallel to the crystallographic a direction.
Synthesis and crystallization
(S)-Amphetamine sulfate (0.25 g) was dissolved in 3 cm 3 of deionized water. The pH of the solution was raised to approximately 12.5 by addition of sodium hydroxide solution and the organic product extracted into 5 cm 3 of diethyl ether. Allowing the ether to evaporate yielded amphetamine free base as an oily residue. This oil was mixed with 2 cm 2 of water and a few drops of either concentrated HCl or HBr were added and the resulting solution was warmed slightly.
After several days of slow evaporation, colourless crystals of (I) and (II) had developed.
Refinement
Crystallographic measurements for (I) and (II) were carried out by the National Crystallography Service (Coles & Gale, 2012) . The data for (I) was treated as a non-merohedral twin by 180 ° rotation about 001. Applying the twin matrix -1 0 0 0 -1 0.682 0 0 1 within the CrystalClear software gave a reflection file in the SHELX hklf 5 format. The BASF parameter refined to 0.4431 (6). For both structures, H atoms bound to C atoms were placed in the expected geometric positions and treated in riding modes with C-H = 0.95, 0.98, 0.99 and 1.00 Å for sp 2 CH, methyl, CH 2 and sp 3 CH respectively. U(H) iso = 1.5U(C) eq for methyl groups and 1.2U(C) eq for other CH groups. In (I) The H atoms of the NH 3 groups were similarly modeled with N-H = 0.91 Å and U(H) iso = 1.5U(N) eq . However, for (II) the H atoms bound to N were refined isotropically, see Tables 3 and 4 . (4) 0.003 (10) Computer programs: CrystalClear-SM Expert 3.1 b27 (Rigaku, 2012), SIR92 (Altomare et al., 1994 , SIR97 (Altomare et al., 1994 , SHELXL97 (Sheldrick, 2008 , ORTEP-3 for Windows (Farrugia, 2012) & Mercury (Macrae et al., 2008) , SHELXL97.
Table 2
Selected torsion angles (º) for (I)
Table 3 Hydrogen-bond geometry (Å, º) for (I) (Farrugia, 2012 ) & Mercury (Macrae et al., 2008) ; software used to prepare material for publication: SHELXL97.
(I)
Crystal data 
(II)
Crystal data ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
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